Diabetic retinopathy (DR) is a common complication of diabetes mellitus[@bib1] and the leading cause of severe vision loss and blindness in the working-age population in developed countries.[@bib2] Previous studies of DR were focused on microvascular damage in the retina.[@bib3] However, recent evidence strongly suggests that DR involves alterations in the neural retina. Patients with diabetes demonstrate functional deficits in dark adaptation, contrast sensitivity, and color perception.[@bib4], [@bib5] These functional changes can be identified before major retinal vascular pathologies, suggesting that they are due to a direct effect of diabetes on the function of the neural retina, rather than secondary to the vascular changes in diabetes.[@bib6] The molecular basis for these functional changes in early DR is unclear.

The major function of vitamin A in vision is to serve as a precursor for light-sensitive 11-*cis-*retinal, the chromophore of visual pigments. In vertebrates, vision begins with the absorption of photon by a light-sensitive visual pigment molecule, which is formed by an apoprotein opsin and a visual chromophore, 11-*cis-*retinal.[@bib7] On absorption of light, 11-*cis*-retinal is isomerized to all*-trans-*retinal. This isomerization leads to conformational changes of opsin and, thereafter, to phototransduction activation that initiates vision. The regeneration of 11-*cis*-retinal through a series of reactions between the retinal pigment epithelium (RPE) and the photoreceptor outer segment is referred to as the retinoid or visual cycle ([Figure 1](#fig1){ref-type="fig"}).[@bib8]Figure 1Scheme of retinoid visual cycle. 11cRal, 11-*cis*-retinal; 11cRDH, 11-*cis*-retinol dehydrogenase; 11cRol, 11-*cis*-retinol; atRal, all-*trans*-retinal; atRDH, all-*trans*-retinol dehydrogenase; atRol, all*-trans-*retinol; IPM, interphotoreceptor matrix; IRBP, interphotoreceptor retinoid-binding protein; LRAT, lecithin retinol acyltransferase; RBP4, retinol-binding protein 4; ROS, receptor outer segment; RPE, retinal pigment epithelium; RPE65, retinal pigment epithelium--specific 65-kDa protein; STRA6, stimulated by retinoic acid 6; TTR, transthyretin.

All*-trans*-retinal, generated by light, is dissociated from opsin and reduced to all*-trans*-retinol by all*-trans*-retinol dehydrogenases in photoreceptors ([Figure 1](#fig1){ref-type="fig"}). All*-trans*-retinol is then transported from photoreceptors to the RPE. In RPE cells, all*-trans-*retinol is esterified, forming all*-trans*-retinyl ester, which is then converted to 11*-cis-*retinol by RPE65, the isomerase. Generated 11-*cis-*retinol is oxidized to 11-*cis*-retinal by 11-*cis*-retinol dehydrogenases, including retinol dehydrogenases 5 and 10. Produced 11-*cis-*retinal is then transported back into photoreceptors. In photoreceptors, 11-*cis*-retinal binds with opsin to regenerate visual pigments. Uptake of vitamin A into the eye is mediated by stimulated by retinoic acid gene 6 (STRA6), a membrane protein located in the RPE and functioning as a receptor for retinol-binding protein 4 (RBP4).[@bib9] RBP4 is a carrier of all*-trans*-retinol (vitamin A) in the circulation. On binding to STRA6, RBP4 releases all*-trans*-retinol into the RPE, providing retinoids to the visual cycle.[@bib10] RBP4 delivers retinol from the liver storage to the target cells and tissues, such as the RPE in the eye.

To enter the photoreceptor outer segment, 11-*cis-*retinal generated in the RPE passes through the interphotoreceptor matrix. Interphotoreceptor retinol-binding protein (IRBP; alias RBP3) is a retinoid-binding protein secreted from photoreceptors and present in the interphotoreceptor space.[@bib11] It facilitates transport of all*-trans*-retinol from photoreceptors to the RPE and 11-*cis*-retinal from the RPE to photoreceptors[@bib12] ([Figure 1](#fig1){ref-type="fig"}).

Visual function deficiencies were observed in patients with defects in genes responsible for the visual cycle. However, the association between retinoid metabolism and DR has not been confirmed. The goal of this study was to investigate the impact of diabetes on the retinoid cycle and metabolism of retinoids in the eye. We found that rhodopsin generation is impaired because of retinoid deficiency in the diabetic eye, which suggests a new pathogenic mechanism for retinal dysfunction in early DR.

Materials and Methods {#sec1}
=====================

Animals {#sec1.1}
-------

Male Wistar rats were purchased from Charles River Laboratories (Wilmington, MA). The care and all procedures for the animals were performed in strict agreement with the guidelines for ethical treatment and use of laboratory animals, approved by the Institutional Animal Care and Use Committee of the University of Oklahoma (Oklahoma City).

Induction of Experimental Diabetes {#sec1.2}
----------------------------------

Diabetes was induced in rats of 10 weeks of age after overnight fasting by a single i.p. injection of freshly prepared streptozotocin (STZ) solution in 0.1 mol/L citrate buffer (pH 4.5) at the dose of 55 mg/kg of body weight. Age-matched control rats were injected with the citrate buffer alone. Diabetes was defined if blood glucose levels were continuously \>350 mg/dL, tested by handheld blood glucose meter from the tail vein. The duration of diabetes throughout the study was 4 months.

Retinal Function Test with ERG {#sec1.3}
------------------------------

Rats were dark adapted for at least 16 hours and prepared for the full-field electroretinographic (ERG) recording under dim red light. ERG procedures were performed using the Espion E^3^ system with a Ganzfeld ColorDome (Diagnosys LLC, Lowell, MA). Animals were anesthetized with 100 mg/kg of body weight of ketamine (VetOne, Boise, ID) and 10 mg/kg of body weight of xylazine (AnaSed, Decatur, IL) mixture solution i.p. Pupils were dilated with an application of 1% Cyclopentolate Hydrochloride Ophthalmic Solution (Alcon Laboratories, Inc., Fort Worth, TX). After observable mydriasis, one drop of Goniovisc (Contacare Ophthalmics and Diagnostics, Gujarat, India) was applied on the cornea of each eye. A ground electrode was placed on a tail, a reference electrode was put in a mouth, and two gold wire loop electrodes were positioned on a corneal surface of the right and left eyes. Rats were placed inside the Ganzfeld sphere. A single flash of 200 cd × s/m^2^ intensity was applied to induce rod response under fully dark-adapted conditions. Then, animals were exposed to a steady light of 200 cd/m^2^ for 2 minutes to obtain cone response to a single flash (600 cd × s/m^2^) stimulus after rod saturation.

Measurement of Rhodopsin Content {#sec1.4}
--------------------------------

For determination of the maximal rhodopsin content, rats were dark adapted for at least 16 hours. All procedures were performed under dim red light. Rats were euthanized, and their eyes were removed and their retinas dissected. Immediately after tissue collection, each retina was homogenized in 150 μL of 1× phosphate-buffered saline containing 1% (w/v) dodecyl maltoside. Homogenates were centrifuged at 70,000 × *g* for 1 hour. Supernatants were transferred to clean spectrophotometer cuvettes and scanned from 250 to 700 nm of wavelength using a DU800 spectrophotometer (Beckman Coulter, Inc., Brea, CA). The difference of absorbance spectra between prebleached and post-bleached samples at 500 nm was used to calculate rhodopsin content using a molar extinction coefficient of 42,000 mol/L^−1^cm^−1^.[@bib13] Obtained data were normalized to total volume of supernatant and presented as rhodopsin content per retina.

Western Blot Analysis {#sec1.5}
---------------------

For Western blot analysis of lecithin retinol acyltransferase (LRAT), RPE65, IRBP, and STRA6, eyecups of each rat were carefully collected. To measure opsin expression by immunoblotting, retinas were separated from eyecups. Each sample was homogenized separately. Protein concentrations in eyecup homogenates were determined using the Bradford protein assay.[@bib14] An equal amount of total protein (30 μg) from each eyecup sample as well as the same amount of total protein (50 ng) from each retina sample was resolved by SDS-PAGE and transferred onto a nitrocellulose membrane. The membrane was blocked with 5% nonfat milk and separately blotted with a 1D4 antibody (1:1000) for opsin as well as an antibody (1:3000) for LRAT (Proteintech, Rosemont, IL), RPE65 (Proteintech), IRBP (Santa Cruz Biotechnology, Dallas, TX), or STRA6 (Abcam, Cambridge, UK). The membrane was then stripped and reblotted with a monoclonal antibody for β-actin (1:1000). Protein levels of opsin, LRAT, RPE65, IRBP, and STRA6 were semiquantified by densitometry using AlphaView SA software version 3.4.0.0 from ProteinSimple (San Jose, CA). To quantify opsin expression level in diabetic and control retina samples, an opsin monomer band (approximately 40 kDa) was used for analysis.

LRAT and RPE65 Activity Assays {#sec1.6}
------------------------------

LRAT and RPE65 enzymatic activities were measured using high-performance liquid chromatography (HPLC). Rats were euthanized, and their eyes were enucleated. The cornea, lens, and retina were removed, and the remaining eyecup was homogenized and used for LRAT and RPE65 activity assays. Isomerase activity of RPE65 was measured, as described.[@bib15] Briefly, 50 μg of rat RPE homogenate was incubated at 37°C for 2 hours in 200 μL of reaction buffer (10 mmol/L 1,3-bis-\[Tris(hydroxymethyl)-methyl amino\] propane (pH 8.0), and 100 mmol/L NaCl) containing 0.2 μmol/L all*-trans*-retinol, 1% (w/v) bovine serum albumin, and 25 μmol/L cellular retinaldehyde-binding protein. The reaction was stopped, and retinoids were extracted with 300 μL of methanol and 300 μL of hexane and centrifuged at 10,000 × *g* for 5 minutes. The top layer containing retinoids was collected and analyzed by normal-phase HPLC, as described.[@bib15] LRAT activity was measured, as described previously.[@bib15] The reaction mixture was the same as that for the isomerase assay, except for the absence of cellular retinaldehyde-binding protein.

Retinoid Profile Analysis {#sec1.7}
-------------------------

For endogenous retinoid analysis in the retina and the RPE, rats were dark adapted for 16 hours and sacrificed under dim red light; their eyes were enucleated. The cornea, lens, and retina were removed, the remaining eyecup was homogenized with a glass grinder in extraction buffer \[10 mmol/L NH~2~OH, 50% ethanol, 50% 2-(*N*-morpholino) ethanesulfonic acid, pH 6.5\], and retinoids were extracted with hexane. The solvent was evaporated under argon gas, and dried retinoids were resuspended in 200 μL of mobile phase (11.2% ethyl acetate, 2.0% dioxane, 1.4% octanol, 85.4% hexane) and injected into the HPLC machine (515 HPLC pump; Waters Corp., Milford, MA) for separation using a 5-μm sorbent column (Lichosphere SI-60; 4.6 × 250 mm; Alltech, Deerfield, IL). Each retinoid isomer was quantified from the area of its determined corresponding peak based on synthetic retinoid standards for calibration.

Serum Retinol Measurement {#sec1.8}
-------------------------

To measure serum retinol levels, 200 μL of rat serum was mixed with 1 mL of 0.025 mol/L KOH in ethanol. Retinoids were extracted by 10 mL of hexane, and the solvent was dried out under argon gas. Dried retinoid samples were resuspended in 200 μL of mobile phase solvent (11.2% ethyl acetate, 2.0% dioxane, 1.4% octanol, 85.4% hexane) and injected into the HPLC machine (515 HPLC pump). All*-trans*-retinol absorbance was recorded at 320 nm. Serum retinol levels were quantified from the area of the all*-trans*-retinol peak using synthetic all*-trans-*retinol as a standard for calibration (Empower software version 1; Waters Corp.).

Serum RBP4 Measurement {#sec1.9}
----------------------

Rat blood was collected by the cardiac puncture after overnight fasting into serum separator tubes (BD Diagnostics, Franklin Lakes, NJ). After clot formation, blood samples were centrifuged at 2000 × *g* for 15 minutes at 4°C. Serum was collected in microfuge tubes. Undiluted serum samples were stored at −80°C until they were analyzed. RBP4 levels in rat serum were measured using a commercial SimpleStep enzyme-linked immunosorbent assay kit (Abcam).

Immunostaining of Eyecup Sections {#sec1.10}
---------------------------------

Rat eyecups were carefully enucleated and fixed in 4% paraformaldehyde solution for 2 hours at 4°C. Then, corneas were punctured in the limbus area, excised, and removed along with the lens. Each eyecup was embedded in OTC compound in a separate mold using liquid nitrogen for rapid freezing. Eyecup samples were cut into sections (10 μm thick) by cryostat microtome Leica CM3050 S (Leica Biosystems Inc., Buffalo Grove, IL). Thereafter, cross sections were stained with an antibody specific for STRA6 (Abcam).

Statistical Analysis {#sec1.11}
--------------------

Quantitative data are expressed as means ± SD. A *t*-test was used to assess differences between two groups. In all cases, *P* \< 0.05 was considered as statistically significant.

Results {#sec2}
=======

Average blood glucose concentrations and body weights of both diabetic and nondiabetic control rats at the beginning of experiments and by the end of the 4-month study are summarized in [Supplemental Figures S1](#appsec1){ref-type="sec"} and [S2](#appsec1){ref-type="sec"}. Diabetic rats had reduced body weights compared to control rats (*P* \< 0.0001) and higher blood glucose levels (*P* \< 0.0001) throughout the 4-month study.

Photoreceptor Function in Diabetic Rats Is Impaired at 4 Months after Induction of Diabetes {#sec2.1}
-------------------------------------------------------------------------------------------

Electrophysiological analysis was performed in eight diabetic and eight nondiabetic control rats. ERG responses were recorded at 4 months after induction of diabetes. The maximal amplitudes of both scotopic and photopic a- and b-waves were significantly lower in diabetic rats compared to nondiabetic control rats ([Figure 2](#fig2){ref-type="fig"}, A and B, and [Supplemental Figure S3](#appsec1){ref-type="sec"}), suggesting an impaired visual function in diabetic rats.Figure 2Analysis of retinal function and rhodopsin content changes in diabetes. Retinal function was evaluated in control and diabetic rats at 4 months after diabetes induction by electroretinography (ERG). **A** and **B:** The a-wave (**A**) and the b-wave (**B**) amplitudes of scotopic and photopic ERG responses from control and diabetic rats are shown on the graph. **C:** To determine the maximal rhodopsin content in each eye, rats were dark adapted overnight. Rhodopsin levels in control and diabetic rats were measured by absorption spectrophotometry. An absorption spectrum of rhodopsin shows a broad visible absorbance with a maximum wavelength value of 500 nm. The absorption spectrum before rhodopsin bleaching is indicated by the **dashed line**; the absorption spectrum after rhodopsin bleaching is shown by the **solid line**. **Inset:** Photobleaching difference spectrum obtained by subtracting the light spectrum from the dark spectrum in control (**solid line**) and diabetic (**dashed line**) retinas. **D:** Rhodopsin content in each eye was calculated as picomoles/retina. **E:** Expression levels of opsin in the retinas of control and diabetic rats were measured by Western blot using an anti-rhodopsin (1D4) antibody. **F:** Opsin monomer level was analyzed by densitometry and normalized by β-actin level. Data are expressed as means ± SD (**A**, **B**, **D**, and **F**). *N* = 8 (**A** and **B**); *N* = 13 (**D**); *N* = 4 (**F**). ^∗^*P* \< 0.05, ^∗∗^*P* \< 0.01, ^∗∗∗^*P* \< 0.001, and ^∗∗∗∗^*P* \< 0.0001.

Rhodopsin Is Decreased in the Retina of Diabetic Rats {#sec2.2}
-----------------------------------------------------

It is well known that mutations or deletion of genes involved in the visual cycle decreases or completely diminishes ERG response.[@bib16], [@bib17] Therefore, we hypothesize that decreased responses of ERG in diabetic rats might be because of disturbed regeneration of visual pigments. To test this hypothesis, we analyzed rhodopsin levels in diabetic rats at 4 months after the onset of diabetes and in their age-matched nondiabetic control rats. Total rhodopsin was extracted with detergent from dark-adapted retinas. The rhodopsin absorption maximum was observed at 500 nm ([Figure 2](#fig2){ref-type="fig"}C). The difference of absorbance spectra between unbleached and bleached visual pigments was measured to quantify endogenous rhodopsin. The amount of total rhodopsin was 30% lower in diabetic rat retinas, compared to that in the control group ([Figure 2](#fig2){ref-type="fig"}D). To determine whether decrease of rhodopsin levels in diabetic animals might be a consequence of the reduction of opsin expression or the decrease in 11-*cis*-retinal chromophore, first we analyzed opsin expression levels in control and diabetic retinas by Western blotting, which showed characteristic presence of dimeric forms of opsin. As shown by Western blot analysis, opsin levels were similar in both groups ([Figure 2](#fig2){ref-type="fig"}, E and F), suggesting that diabetes did not affect opsin expression or stability at that time point.

11-*cis*-Retinal Levels Are Reduced in Eyes of Diabetic Rats {#sec2.3}
------------------------------------------------------------

To determine the cause of rhodopsin decrease in diabetic retina, we measured 11-*cis*-retinal chromophore as well as all-*trans*-retinal and retinyl ester concentrations in the eyes of overnight dark-adapted control and diabetic animals at 4 months after the onset of diabetes by HPLC. Retinoids were extracted in the presence of hydroxylamine to disrupt the Schiff bond and convert retinoids to corresponding retinal oximes. The amount of 11-*cis*-retinal per eye was decreased by approximately 30% in diabetic rat eyes as compared to that in nondiabetic controls ([Figure 3](#fig3){ref-type="fig"}), suggesting that generation of chromophore is deficient in diabetic rats, and that a significant portion of opsin remains unbound with 11-*cis*-retinal. The levels of all-*trans*-retinal and retinyl esters were insignificantly different in both groups. To determine whether the decrease in 11-*cis*-retinal generation is ascribed to a deficient visual cycle, we analyzed expression levels of visual cycle proteins. As shown by Western blot analysis, no significant difference was found in expression levels of LRAT and RPE65 in the RPE of diabetic versus control rats at the same time point as for retinoid analysis ([Figure 4](#fig4){ref-type="fig"}, A--D). Enzymatic activities of LRAT and RPE65 were also similar in diabetic and control rats ([Figure 4](#fig4){ref-type="fig"}, E and F). In contrast, levels of STRA6 and IRBP were significantly down-regulated in diabetic eyes compared to nondiabetic controls ([Figure 5](#fig5){ref-type="fig"}, A--C). Immunohistochemistry analysis of eyecup cross sections has confirmed reduced STRA6 expression in the RPE of diabetic rats compared to nondiabetic animals, despite the normal retinal structure in both diabetic and control groups ([Figure 5](#fig5){ref-type="fig"}D).Figure 3Endogenous retinoid profiles of dark-adapted diabetic and control rat eyecups. At 4 months of age, endogenous retinoids were extracted from the rat eyecups and analyzed by high-performance liquid chromatography (HPLC). **A** and **B:** Representative HPLC chromatograms at 360 nm are shown for control (**A**) and diabetic (**B**) rats. Peaks were identified according to retinoid standards as follows: 1, retinyl esters; 2, syn-11-*cis*-retinal oxime; 3, syn-all-*trans*-retinal oxime; 4, anti-11-*cis*-retinal-oxime; 5, anti-all-*trans*-retinal oxime. **C:** Amounts of retinoids, such as 11-*cis*-retinal (11cRal), all-*trans*-retinal (atRal), and retinyl esters (REs), were quantified by measuring the peak areas and averaged within the group. Data are expressed as means ± SD (**C**). *N* = 8 (**C**). ^∗∗^*P* \< 0.01. OD, optical density.Figure 4Protein levels and enzymatic activities of retinal pigment epithelium--specific 65-kDa protein (RPE65) and lecithin retinol acyltransferase (LRAT) in diabetic and control rats. The protein levels of RPE65 and LRAT were measured in the eyecups of control and diabetic rats at 4 months after diabetes induction by Western blot analysis using an anti-RPE65 (**A**) and an anti-LRAT (**B**) antibody. RPE65 (**C**) and LRAT (**D**) protein levels were quantified by densitometry and normalized by β-actin levels. RPE65 (**E**) and LRAT (**F**) activities were measured in control and diabetic rat eyecups. Enzymatic activities of RPE65 and LRAT proteins were assayed using high-performance liquid chromatography, as described in [Materials and Methods](#sec1){ref-type="sec"}. Data are expressed as means ± SD (**C**--**F**). *N* = 4 (control and diabetic rats) (**C**--**F**).Figure 5Protein levels of interphotoreceptor retinoid-binding protein (IRBP) and stimulated by retinoic acid 6 (STRA6) in diabetic and control rats. **A:** The protein levels of IRBP and STRA6 were measured in the eyecups of diabetic and control rats at 4 months after diabetes induction by Western blot using an anti-IRBP and an anti-STRA6 antibody. **B** and **C:** IRBP (**B**) and STRA6 (**C**) protein levels were quantified by densitometry and normalized by β-actin levels. **D:** STRA6 expression is down-regulated in the retinal pigment epithelium (RPE) of diabetic rats. Eyecup tissue cross sections from control and diabetic rats were stained with an antibody specific for STRA6 (red) by immunohistochemistry. The nuclei were counterstained with DAPI (blue). Processing time was equal among experimental groups. Data are expressed as means ± SD (**B** and **C**). *N* = 4 (**B** and **C**). ^∗∗^*P* \< 0.01. Scale bar = 100 μm (**D**). GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer; ROS, receptor outer segment.

RBP4 and Retinyl Ester Levels Are Lower in Serum of Diabetic Rats {#sec2.4}
-----------------------------------------------------------------

Retinol is delivered to the RPE by RBP4 via interaction with STRA6 on its basolateral plasma membrane. Because RBP4 is the major carrier of retinol in the blood, and its abundancy may affect retinoid supply to the eye, we measured RBP4 levels in serum of diabetic and control rats using enzyme-linked immunosorbent assay. We also measured all-*trans*-retinol and retinyl ester concentrations in serum of diabetic and control animals using HPLC. Both serum levels of RBP4 and retinyl ester were lower in diabetic rats at 4 months after the onset of diabetes, compared to those of the control rats ([Figure 6](#fig6){ref-type="fig"}). However, the difference in all-*trans*-retinol levels was not statistically significant between the two groups. The decrease in levels of plasma retinoids and retinol carrier may lead to an insufficient vitamin A supply to retinoid-dependent tissues and organs, such as the eye.Figure 6Retinol-binding protein 4 (RBP4) and retinoid concentrations in rat serum. **A:** RBP4 serum concentrations in control and diabetic rats were measured by enzyme-linked immunosorbent assay. **B:** Serum concentrations of retinyl esters (REs) and all-*trans*-retinol (atRol) in control and diabetic rats were determined by high-performance liquid chromatography. Data are expressed as means ± SD. *N* = 7 (**A**); *N* = 6 (**B**). ^∗^*P* \< 0.05.

Discussion {#sec3}
==========

DR remains a leading cause of severe vision loss and blindness.[@bib1], [@bib2] Recently, accumulating evidence suggests that DR is not simply a retinal vascular disease. The functions of the neural retina are also impaired in early diabetes before the structural changes in the retina and vasculature.[@bib18], [@bib19] However, the pathogenic mechanism affecting retinal function in early stages of DR has not been well investigated. The present study provided the first evidence demonstrating that the retinoid metabolism is disturbed in diabetes, leading to deficient generation of 11-*cis*-retinal, the chromophore essential for visual pigment formation. This is supported by the reduced rhodopsin levels, whereas opsin expression remained unchanged in the diabetic retina. The deficient generation of chromophore and visual pigments may contribute to visual function defects, such as delayed dark adaptation in early DR, a new pathogenic mechanism of DR. Chronic deficiency in visual pigment formation may contribute to photoreceptor degeneration and irreversible retinal pathologies in advanced DR. This study suggests that restoration of the normal retinoid level may represent a potential therapeutic strategy for early DR.

In line with previous studies,[@bib18], [@bib20] ERG recording demonstrated significantly reduced a- and b-wave amplitudes in STZ-induced diabetic animals, suggesting photoreceptor dysfunction. We believe that a 30% reduction of chromophore, as demonstrated by HPLC and rhodopsin assay, translates to functional deficits across all intensities, and that a greater reduction at a low light sensitivity in diabetic groups may be attributed to mild retinal degeneration. Our results are also consistent with the previously reported data for vitamin A--deprived rats, albeit the difference in our diabetic rat model was less severe.[@bib21] We hypothesized that decreased electrophysiological response might be ascribed to impaired visual pigment generation. Indeed, previously it has been reported that rhodopsin regeneration was decreased in excised diabetic mouse eyes.[@bib22] However, those data were obtained for an *ex vivo* eye perfused with glucose; therefore, they may not be directly related to *in vivo* diabetic conditions. Herein, we measured rhodopsin levels in dark-adapted diabetic and control animals and found that rhodopsin levels are significantly decreased after 4 months of STZ-induced diabetes. As rhodopsin consists of opsin and the chromophore, 11-*cis*-retinal, decreases in rhodopsin levels may be ascribed to either down-regulated opsin expression or the diminished 11-*cis*-retinal chromophore, which is regenerated through the visual cycle. To determine whether opsin expression level is changed during diabetes, we measured opsin levels using Western blot analysis. Our results showed that opsin expression in diabetic rats was similar to that in nondiabetic control retinas, which is in line with the previous observation that opsin mRNA levels are unchanged in rats after 4 weeks of diabetes.[@bib23]

Another possible cause of the decreased rhodopsin concentration in diabetic rats might be the reduced generation of 11-*cis*-retinal chromophore. Indeed, we found that the 11-*cis*-retinal level was 30% lower in diabetic rats, which corresponds to the same degree of reduction in rhodopsin level. Interestingly, reduced 11-*cis*-retinal concentrations in diabetic retinas were observed previously for diabetic rats[@bib24]; however, the absolute values of 11-*cis*-retinal reported in that study were extremely low (only 52 pmol per retina for nondiabetic rats). Most likely, this could be explained by a different method of retinoid extraction from the retina used by the authors, who did not use hydroxylamine to disrupt the Schiff base bond between 11-*cis*-retinal and opsin; thus, the extraction of retinal might have been incomplete. Decreased levels of 11-*cis*-retinal might be a result of the impaired visual cycle. RPE65 catalyzes the rate-limiting step of the retinoid cycle and produces 11-*cis*-retinol, which is a direct precursor of 11-*cis*-retinal.[@bib25] To our surprise, our results did not show any significant difference in expression levels of LRAT and RPE65, which are the key enzymes of the visual cycle. Previously, another group showed by immunohistochemistry that the RPE65 expression level is lower in the RPE of diabetic rats after 3 months of diabetes; however, the authors did not present quantitative comparison of RPE65 protein levels.[@bib23] Moreover, according to their own data, RPE65 mRNA levels in the RPE were similar in diabetic and control rats.

We did not detect a significant difference in retinyl ester levels between dark-adapted diabetic and nondiabetic animals. Retinyl ester is stored in retinosomes, and its levels depend on relative activities of LRAT and yet to be identified retinyl ester hydrolase. Previously, it has been shown that retinyl ester hydrolase is depressed in the liver of diabetic rats.[@bib26] A similar phenomenon may take place in the RPE. Therefore, even though total retinol flow is decreased in the diabetic eye, the retinyl ester level may remain unchanged in the diabetic RPE.

The binding of 11-*cis*-retinal to bleached visual pigment prevents the activation of the phototransduction cascade by a pool of accumulated apo-opsin. It has been reported that increased levels of chromophore-free opsin, as found in animals with mutations of *RPE65* and *LRAT*[@bib27] or vitamin A deficiency,[@bib28] have deleterious effects on photoreceptor cells. Chromophore-free opsin is known to constitutively activate the phototransduction pathway.[@bib29], [@bib30] Constitutive activity of free opsin desensitizes photoreceptor cells and causes retinal degeneration.[@bib31] In early diabetes, because of decreased 11-*cis*-retinal generation, rhodopsin levels are reduced, whereas retinal morphology and opsin expression remain unchanged, resulting in increased amount of unsaturated opsin. The excess amount of free opsin may contribute to photoreceptor dysfunction in advanced DR.

IRBP (RBP3) is an essential protein of the visual cycle present in the interphotoreceptor space, which binds 11-*cis*-retinal and all-*trans*-retinol and facilitates their transport between the RPE and photoreceptors.[@bib32] We found that IRBP was down-regulated in diabetic rats. In a human study, it has been reported that the expression level of IRBP is also decreased in patients with DR at early stages.[@bib33], [@bib34] IRBP protects 11-*cis*-retinal from photodegradation and photoisomerization.[@bib35], [@bib36] There is some evidence that IRBP also promotes retinol uptake and release by rat Müller cells.[@bib37] *IRBP*^−/−^ mice displayed decreased ERG amplitudes[@bib38], [@bib39], [@bib40] and photoreceptor degeneration at postnatal day 25.[@bib41] Therefore, it is likely that decreased IRBP levels contribute to reduced 11-*cis*-retinal levels in diabetic rats.

Although most of 11-*cis*-retinal is regenerated through the visual cycle, a part of it is irreversibly degraded because of photo-oxidation.[@bib42] Therefore, a constant supply of retinol from the blood circulation is necessary to maintain sufficient retinoid levels in the eye. Currently, it is established that efficient delivery of vitamin A to the eye is mediated through RBP4 and its receptor STRA6. RBP4 plays a key role in mobilization of retinol from the liver and transporting it to the eye and other organs. STRA6 facilitates flux of retinol between RBP4 in the circulation and the RPE. Both *RBP4*^−/−^ and *STRA6*^−/−^ mice have decreased ERG amplitudes of a and b waves and decreased amounts of retinoids in the retina.[@bib43], [@bib44], [@bib45] RBP4 levels in serum of STZ-diabetic rats were significantly reduced, as shown by enzyme-linked immunosorbent assay in the current study, consistent with previous reports by other groups.[@bib24], [@bib45] Although serum retinol levels were not significantly lower in diabetic rats in our study, retinyl ester concentrations were found to be lower in diabetic rats compared to those of control. These results are in agreement with previous studies, including studies of type 1 diabetes patients[@bib47] and STZ-induced diabetic rats.[@bib24], [@bib48] Several other human studies have also reported that in patients with type 1 diabetes, plasma levels of retinol and RBP4 are decreased.[@bib49]

In diabetes, the mechanism of vitamin A deficiency in serum is unclear. It has been shown that patients with type 1 diabetes have elevated carotenoid and retinyl ester levels, which suggests that their conversion to retinol is decreased.[@bib50] The expression of β-carotene monooxygenase was shown to be reduced in diabetic rats.[@bib46] β-Carotene monooxygenase has a critical role in the metabolism of β-carotene to retinal; therefore, the decreased β-carotene monooxygenase expression might change the serum retinol level. Nevertheless, it is known that diabetic rats have an increased storage of retinyl esters in the liver as a result of excessive consumption of food under insulin-deficient conditions. It has been suggested that mobilization of retinol from the liver, which is regulated by unidentified retinyl ester hydrolase, is decreased in diabetic rats.[@bib51] Indeed, the hepatic retinyl ester hydrolase activity was depressed at the onset of diabetes in biobreeding rats.[@bib26] RBP4 circulates as a complex with transthyretin, a homotetrameric thyroxine transport protein.[@bib52] The declined level of retinoids and RBP4 in blood circulation might be also a result of increased renal filtration because of lower plasma concentrations of transthyretin in type 1 diabetes.[@bib49]

The present study also demonstrated, for the first time, the decrease in STRA6 levels in the RPE of diabetic rats. *STRA6*^−/−^ mice displayed drastically decreased contents of retinoids in the RPE and retina, suggesting that STRA6 is critical for retinoid uptake in the visual cycle.[@bib43] It is likely that the decrease of serum levels of RBP4 and retinol, together with decrease of the STRA6 receptor, results in a significant local vitamin A deficiency in the eye, which may subsequently lead to a decreased rhodopsin level in diabetic rats. Previously, we have demonstrated that the mice maintained on a vitamin A--deficient diet have a significantly decreased endogenous 11-*cis*-retinal level in the eye.[@bib53] We speculate that local vitamin A deficiency in the eye might be corrected by the additional vitamin A in the diet. Alternatively, the 11- or 9-*cis*-retinal chromophore may be delivered to serum of diabetic patients to ameliorate photoreceptor dysfunction. This notion is supported by a recent study showing that the administration of 11- and 9-*cis*-retinal to diabetic mice corrected visual abnormalities induced by diabetes, as shown by maximal rod response and optokinetic tracking.[@bib54]

Paradoxically, it has been proposed that the inhibition of the visual cycle may ameliorate the pathogenesis of lesions characteristic of early DR in diabetic mice.[@bib55] The authors used a retinoid, retinylamine, to inhibit the visual cycle in their study. However, because retinylamine serves as a substrate for LRAT, it may be accumulated in the RPE and metabolized to other retinoids, including retinoic acid, which binds to retinoic acid receptors and regulates expression of multiple genes.[@bib56], [@bib57] Thus, the results of this study may not be solely ascribed to the inhibition of the visual cycle. Moreover, it has been recently shown that both retinylamine and emixustat (another inhibitor of the visual cycle, produced by Acucela, Seattle, WA) most likely exert their effects not through the inhibition of the visual cycle, but rather because of sequestration of toxic all-*trans*-retinal via the Schiff base acting as a scavenger.[@bib58]

In summary, our results have provided the first evidence that rhodopsin levels are decreased and 11-*cis*-retinal generation is impaired in diabetic eyes. Most likely, disturbed rhodopsin generation is a result of the down-regulation of IRBP, STRA6, RBP4, and, consequently, relative vitamin A deficiency in ocular tissues in diabetes. Although the mechanism by which diabetes affects serum vitamin A levels and the expression levels of IRBP, RBP4, and STRA6 remains to be elucidated, this study reveals a new aspect of DR and demonstrates a previously unknown association between the retinoid metabolism and diabetes. These findings may lead to new understanding of the retinal dysfunction mechanism in early DR and contribute to the development of a new therapeutic strategy for DR.
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Supplemental Figure S1The effect of diabetes on body weight. The data represent monthly changes in body weight in control and diabetic groups after diabetes induction. Statistical significance between two groups was determined by a two-tailed *t*-test. Data are expressed as means ± SD. *N* = 15 (control group); *N* = 25 (diabetic group). ^∗∗^*P* ≤ 0.01, ^∗∗∗^*P* ≤ 0.001. STZ, streptozotocin.Supplemental Figure S2Blood glucose levels. The data represent monthly measurements of blood glucose concentration in control and diabetic groups after diabetes induction. Statistical significance between two groups was determined by two-tailed *t*-test. Data are expressed as means ± SD. *N* = 15 (control group); *N* = 25 (diabetic group). ^∗∗∗^*P* ≤ 0.001, ^∗∗∗∗^*P* ≤ 0.0001. STZ, streptozotocin.Supplemental Figure S3Single-flash electroretinographic (ERG) responses of increasing intensity for control and diabetic rats. Serial ERG a-wave (**A**) and b-wave (**B**) responses to increasing flash stimuli were obtained for control and diabetic rats for selected intensities under dark-adapted conditions. Data are expressed as means ± SEM. *N* = 8 (control and diabetic rats). ^∗^*P* ≤ 0.05, ^∗∗^*P* ≤ 0.01.
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